as those observed in other cellular contexts. To further determine whether circRNAs identified in porcine oocytes by RNA sequencing function in meiotic maturation, one top upregulated circRNA, namely, selected for functional research. Firstly, the relative abundance of circARMC4 in 2 6 7 oocytes before and after maturation was analyzed by qPCR. We found that the 2 6 8 expression levels of circARMC4 in MII oocytes are significantly higher than those 2 6 9
in GV oocytes ( Fig. 5A ), which is consistent with the tread obtained from RNA circularized feature (Fig. S2C, D) . Sanger sequencing of qPCR products 2 7 3
spanning back-splicing sites between exon 14 and exon 15 also verified that it is 2 7 4
indeed real circRNA (Fig. 5B) . To examine the role of circARMC4 in oocyte 2 7 5 maturation, circARMC4 was knocked down by microinjecting siRNA into GV oocytes. Results revealed that siRNA could significantly reduce the expression of 2 7 7
circARMC4, but not its linear counterpart (Fig. 5C, D) . Phenotypically, we found
that circARMC4 knockdown could apparently reduce the rate of first polar body chromosomes in the circARMC4 knockdown group is significantly higher than 2 8 5 that in control groups (Fig. 5H) . Therefore, these data document that circARMC4
is essential for oocyte meiotic maturation in pigs. Given that developmental competence of embryos largely depends on oocyte quality (Conti and Franciosi, 2018), we thus attempted to explore whether 2 9 2 circARMC4 knockdown in oocytes affects early development of porcine embryos. MII oocytes from both circARMC4 knockdown group and two control groups were parthenogenetically activated and cultured up to the blastocyst stage. We found that circARMC4 knockdown significantly reduced developmental efficiency of 2-
cell, 4-cell, 8-cell embryos and blastocysts (Fig. 6A, B ), suggesting that 2 9 7
circARMC4 knockdown could impair the developmental competence of oocytes.
9 8
Hence, these results indicate that circARMC4 knocked down oocytes possess 2 9 9 poor developmental competence. been well studied (Veno et al., 2015; Liang et al., 2017) , its expression and
function in porcine oocyte meiotic maturation are yet to be characterized. We
here identified thousands of circRNAs expressed in both the cumulus cell and the DECs revealed that they could be engaged in the regulation of oocyte meiotic 3 0 9 maturation through sponging microRNAs. Importantly, we further showed that
circARMC4, a top up-regulated circRNA in the oocyte, is required for porcine
oocyte meiotic maturation and early embryo development. Therefore, these
results indicate that circRNAs expressed in both the cumulus cell and the oocyte
could play a critical role in porcine oocyte meiotic maturation and early embryo It is well known that cumulus cell potentiates oocyte meiotic and during meiotic maturation (Gilchrist et al., 2008 in other studies (Liang et al., 2017; Vo et al., 2019) . In addition, it is evident that
cumulus cell is transcriptionally high active in the process of oocyte maturation while oocyte always retains in a transcriptionally quiescent state (Reyes and
Ross, 2016). Cumulus cell could produce much more transcripts relative to the depends on the back-splicing of pre-mRNA transcribed in the cell (Lasda and
Parker, 2014). We thus speculated that a larger amount of circRNAs produced in
the cumulus cell could be attributed to its higher transcriptional activity.
Interestingly, we noted that the number of circRNAs identified in the cumulus cell and humans (Dang et al., 2016) , suggesting that circRNA expression may have a 3 3 6
feature of species diversity. We also found that some of the host genes produce
multiple different circRNA species in our analyzed samples, which could be autosomes and the X chromosome, indicating functional diversity of circRNAs.
Meanwhile, the number of circRNAs originated from each chromosome in both
the cumulus cell and the oocyte also varies, which may be associated with the and the oocyte, it was shown that circRNAs mainly originate from exons, which is likely adaptable to cumulus cell and oocyte. Furthermore, consistent with data
reported in other porcine cell types (Liang et al., 2017) , the GC content of cell types or species. functions within specific cells at concrete time points during development. Previous studies have revealed that circRNAs exhibit tissue-and developmental stage-specific expression in pigs (Liang et al., 2017) , mice (Fan et al., 2015) and
humans (Dang et al., 2016) . Likewise, we also found that circRNAs are
expressed in a stage-specific manner during oocyte maturation. Specifically, the 3 6 2 number of circRNAs gradually increases in the cumulus cell that has a high 3 6 3 proliferation activity, suggesting that circRNA expression could be positively
correlated to the proliferation activity of cumulus cells, which is completely
contrary to that observed in cancer cells (Bachmayr-Heyda et al., 2015) . This 3 6 6 discrepancy could be due to the differences in cell types or cellular physiological
states. On the other hand, the number of circRNAs progressively decreases in reduction of circRNA expression may be associated with the intrinsic active expressed between GV and MII stages, implying that the fluctuation of circRNA
abundance seems likely to be related to their specific roles in porcine oocyte
maturation.
Potential functions of circRNAs in porcine cumulus cells and oocytes can be indirectly predicted by analyzing their host genes. GO and KEGG analysis of host
genes producing DECs in cumulus cells revealed that GO terms are mainly shown to regulate the transport of macromolecules from granulosa cells to
oocytes in chicken (Schuster et al., 2004) . Based on these studies and our Altogether, we thus reasoned that DECs identified in the oocyte could positively
or negatively regulate porcine oocyte meiotic maturation in a synergistic manner. DECs probably act as miRNA sponge. We observed that the number of miRNAs Specifically, miRNA-7 was found to inhibit epidermal growth factor receptor or negatively regulate porcine oocyte maturation and early embryo development.
2 9
Our results indicated that these abovementioned miRNAs could be bound by
DECs expressed in both the cumulus cell and the oocyte. Therefore, these DECs promoting or inhibiting porcine oocyte maturation and early embryo development.
3 3
Examining the direct roles of individual circRNAs in oocyte meiotic 4 3 4 maturation and embryo development should be subject in future investigations. In
the current study, a maternally expressed circARMC4 was selected to explore its
roles in porcine oocyte maturation. We discovered that circARMC4 knockdown
led to a significant reduction in the rate of oocyte maturation and early embryo for porcine oocyte meiotic maturation and early embryo development. All experiments using pigs were carried out according to the guidelines of the University. In vitro maturation of oocytes
Ovaries were collected from a local slaughterhouse and transported to the follicles of different diameters at 1-2 mm, 3-6 mm, and more than 6 mm were 4 7 1 aspirated using a sterile 10 ml syringe with 18 gauge needles. Cumulus-oocyte porcine follicular fluid, 10 IU/ml eCG, 5 IU/ml hCG, 100 ng/ml L-Cysteine, 10 4 7 6 ng/ml EGF, 100 U/ml penicillin and 100 mg/ml streptomycin) covered with mineral
oil in 4-well plate and cultured for 44 h at 38.5 ºC, 5% CO 2 , 95% air and 100% 1 mg/ml hyaluronidase solution. The normal nuclear maturation of oocytes was Total RNA was isolated and purified using Trizol reagent (Invitrogen, Carlsbad, each sample was quantified using NanoDrop ND-1000 (Wilmington, DE, USA).
The RNA integrity was assessed by Agilent 2100 with RIN number >7.0.
Approximately 5 ug of total RNA was used to deplete ribosomal RNA according
to the manuscript of the Ribo-Zero™ rRNA Removal Kit (Illumina, San Diego,
USA). After removing ribosomal RNAs, the left RNAs were fragmented into small the U-labeled second-stranded DNAs, the ligated products are amplified with vendor's recommended protocol. Bioinformatic analysis of circRNA
Firstly, Cutadapt was used to remove the reads that contained adaptor
contamination, low quality bases and undetermined bases. CIRCExplorer. All samples were generated unique circular RNAs. The To analyze functions of differentially expressed circRNAs and their host genes of
circRNAs involvement in the common biological processes, we selected host
genes of different circRNAs for Gene Ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis. The circRNAs were components and molecular functions. KEGG database was used to ascribe identified circRNAs to particular biological mechanisms and cellular pathways. (the established criteria: p adjusted < 0.05). GO and KEGG enrichment analysis was performed using (http://geneontology.org and http://www.kegg.jp/kegg). Three circARMC4 siRNA species were designed to target different sites of
porcine circARMC4 sequence (GenePharma, Shanghai, China). All siRNA
sequences used in the present study are shown in Supplementary Table S1 .
Microinjection was performed in T2 (TCM199 with 2% FBS) medium with 7.5 5 4 1 μ g/ml CB on the heating stage of an inverted microscope (Olympus, Japan). technique. Oocytes from three groups were then matured in vitro for 44 h. expressed in the cumulus cell or the oocyte before and after maturation. Premature COCs, cumulus cells before maturation (termed GCC), mature COCs,
and cumulus cells after maturation (termed MCC) were collected respectively for
RNA-seq. Of note, circRNAs expressed in the GCC were subtracted from these
identical circRNAs expressed in the premature COCs to identify circRNAs
expressed in GV oocytes, which are termed GV oocyte. Similarly, circRNAs
expressed in MCC were subtracted from these identical circRNAs expressed in termed MII oocyte. COCs, cumulus-oocyte complexes; GV, germinal vesicle; MII, Statistical analysis was performed using t-student test. Values with asterisks vary 1 0 1 7 significantly, **P < 0.01. 
